In this paper, a multi-shell spherical dielectric lens antenna is synthesized to radiate multibeams with optimum shaped patterns for radio coverage at millimeter wave (mmW) frequencies. In particular, the design considers the composing characteristics of discrete multi-shell Luneburg lens antenna as an initial structure, and synthesizes its permittivity and sizes of dielectric shells to produce relatively shaped main beam patterns rather than conventional pencil-shapes. It targets to minimize inter-beam overlapping transition regions with slowly varying power density in the coverage boundary, and therefore reduce the ping-pong effect of inter-sector handovers to potentially minimize the inter-cell interferences arising from the over-large gain of pencil beam when the user equipment (UE) is at near the sector boundary far-off the beam peak. After the synthesis, the antenna is implemented at 38 GHz with both numerical simulation and measurement results shown to validate the concept. Successfully validation on the feasibility of beam synthesis in comparison to that of Luneburg lens antennas has been achieved. Discrepancy in fabrication to potentially result in slight radiation degradation is also discussed.
I. INTRODUCTION
Cellular mobile communication antennas at millimeter wave (mmW) frequencies require high gain radiation to compensate electromagnetic (EM) wave propagation loss in air [1] . In the base transceiver system (BTS), such narrow beamwidth has limited their radio coverage. Consequently, beam steering by active antenna arrays to perform a time division duplex (TDD) time-sharing mechanism was proposed for the fifth generation (5G) of mobile communications [2] at the cost of sacrificing the overall system capacity. The implementation of active antenna arrays also incurs significant cost increase, and suffers high power loss in the dielectric materials. It, as a result, results very narrow beamwidth of radiation because it takes extra size to produce higher gains.
The associate editor coordinating the review of this manuscript and approving it for publication was Mustafa Servet Kiran.
On the other hand, multi-beam antenna is an alternative way to provide radio coverage in an angular domain splitting fashion, where the beam-switching functionality can be performed at a reduced cost because the mass active RF modules are not needed. In this, Luneburg lens antenna [3] - [7] attracts much attention as its spherically symmetric structure may provide very broad scan range with almost identical beam characteristics. The energy efficiency is also much better than conventional phased array of antennas to produce high-gain radiations. However, the drawback of pencil beams radiated from Luneburg lens antennas may result in inefficient radio coverage and over-frequent handovers [8] between adjacent sectors in the overlapped transition regions of coverage to cause the ping-pong effect and degrade transmission quality, and thus result in inefficient cell planning of radio coverage. Especially it may cause rapid electromagnetic (EM) field strength damping in the angular range of coverage especially in the overlapped transition regions. Frequent power control is required, and the ping-pong effect of over-frequent handovers between adjacent sectors of radio coverage may significantly degrade transmission quality, which is particularly severe at millimeter wave (mmW) frequencies for its high sensitivity in retaining connections. This ping-pong effect is very undesired in the mobile communication. The over-large gain difference may also cause unexpected EM interferences to radial adjacent cells when a user is in the crossover region of adjacent sectors.
Note that the best gain at the crossover point of two adjacent beams is smaller than -6dB below the beam peak in practical applications, which is resulted from using very crowded feeds, and may result in very small sectors to further worsen the ping-pong effects and over-frequent power control. In addition, the over-large gain difference within the pencil beam area of radio coverage may further cause unexpected EM interferences to adjacent cells in the radial direction when a user equipment (UE) is at near the sector boundary covered by the field far off the beam peak. In this case, the power control is activated to retain sufficient power strength for the UE connection, and will cause over-strong surplus EM fields in the region near the beam peak to penetrate into adjacent cells. As a result, it is difficult to retain sufficient antenna power stability for most randomly distributed UEs, where the power stability of connection is very important for the fifth generation (5G) of mobile communication at mmW frequencies [1] , [2] to simultaneously compensate propagation loss and avoid inter-cell interferences. Indeed, radio coverage will have better performance if a uniform and stable field distribution of antenna radiation in the coverage area can be achieved to avoid frequent adjustment of power controls between the base transceiver system (BTS) and UEs, especially in the overlapping transition region to avoid pingpong effect of handovers [8] .
This paper presents a shaped-beam synthesis of multi-shell lens antennas [7] , [9] - [15] to optimize the radio coverage by shaping the main beam's radiation patterns. The conceptual discussion of dielectric constant optimization for conventional two-dimensional (2-D) Lunenburg lens design [16] is extended for main beam pattern synthesis. In contrast to previous works of Luneburg lens optimization, which either minimize the estimation error of permittivity [10] in a least square error (LSE) sense, or enhance the gain and reduce sidelobe levels (SLLs) [12] , [13] , this paper focuses on the main beam pattern with a target to reduce the inter-beam overlapping and minimize gain variation within the coverage area, which may better retain the power control stability during connection in mobile communications. The design is expected to be much more challenging than conventional uniform permittivity lens optimization on its external profile [14] because of limited available parameters in order to keep a spherically symmetric multi-shell structure.
In the design, one starts with a discrete Luneburg lens, and employs the thickness and permittivity of dielectric shells as optimization variables. Various mechanisms with respect to different combinations of optimization parameters are examined to compare their effectiveness. The effectiveness is afterward evaluated by comparing the radiation patterns to that obtained by using conventional Luneburg lens antennas at 38 GHz. Measurement of antenna radiation on a prototype are also presented to validate the design feasibility.
II. DESIGN CONCEPT AND OPTIMIZATION A. DISCRETE LUNEBURG LENS ANTENNA DESIGN
Luneburg lens antenna is a discrete multi-shell dielectric sphere as illustrated in Fig. 1 . The relative permittivity, ε r , of the m th shell at a radial distance of r = r m is given by [1] ε r (r m ) = 2 − (r m /a) 2 ,
where a is the radius of the sphere's most outer surface. In practical design, the thicknesses and dielectric permittivity of dielectric shells are determined by various optimization schemes according to different mechanisms as mentioned in Section I [10] - [15] . The lens is excited by multiple feeds angularly distributed on its circumference to radiate multiple pencil beams. It is noted that the accommodation of feeds, each is generally larger than a half-wavelength, has created a wide angular separation for the multi-beam radiations, where the power density at the crossover points between two adjacent beams is smaller than -6 dB below the beam peaks. As shown by the two HFSS [17] simulated patterns at 38 GHz in Fig. 2 (a) and (b), which are produced by considering two different sizes of Luneburg lenses at a = 30 mm and 40 mm, respectively, it is seen that the gain drops at the crossover points remain similar by -6 dB below the beam peaks regardless of the size of lens. These two lenses are both composed of 10 dielectric shells (including the air), and are fed by the radiations of rectangular waveguides of 0.7 × 0.35λ 2 in cross-section with a tight placement next to each other, where λ is the wavelength of free space. Here 10 discrete dielectric shells are used to provide sufficiently accurate modelling of Luneburg lens for convincing estimation of radiation characteristics, which number can be reduced in practical applications as to be presented in Section III and IV. This gain VOLUME 7, 2019 drop will be worsened when the feeds are further separated to increase their isolation. This large gain variation in the transition region of beam overlapping may cause the pingpong effects of over-frequent handovers, and inter-cell EM interferences between different BTSs by a user equipment (UE) when it is placed in the transition region.
B. MULTI-SHELL DIELECTRIC LENS ANTENNA WITH OPTIMUM MULTI-BEAM RADIATIONS
The design target intends to minimize inter-beam transition region, and provide relatively smooth field variation in the main beam for BTS power control stability. It is achieved by producing beam patterns analogous to the illustration in Fig. 3 , which have uniform field distribution in main beams and fast roll-off rate in the transition region for size minimization.
The design starts with a multi-shell Luneburg lens antenna as described in Part A, where multiple pencil beams are FIGURE 3. Ideal beam shape for radio coverage, which is also the target pattern in the synthesis. radiated from the lens with gains higher than desired. The permittivity and thicknesses of dielectric shells are then distorted from Luneburg lens, and further optimized to shape the radiation pattern by the genetic algorithm (GA) [14] , [18] to achieve the desired pattern in Fig. 3 . In this design, the relative permittivity is relaxed to be larger than 2 at the center. However, the relative permittivity remains sequentially decreasing from the center of the lens to its boundary with a unit relative permittivity to well match with the air shell for good impedance matching of feed antennas. A single beam is employed first in the synthesis for simplification due to a spherical symmetry of the lens, where the radiation is estimated by HFSS simulations to provide accurate estimation.
To achieve the ideal beam shape in Fig. 3 in the synthesis procedure, a cost function is first defined by sampling N field points in the coverage area as illustrated in Fig. 3 by
where G d n is the desired gain of the n th field point sampled from the target pattern in Fig. 3 , and G n is the computed gain of antenna at the sampled field points by HFSS numerical simulations. The coefficient, f n , is used to balance the weightings of main beam fields in the coverage area and those in the transition regions, where f n may be made much larger for the field points in the transition region as the field strengths are usually small. For simplification, f n = 1 is employed in the following design as we are more interested by the main beam pattern for radio coverage of sectorization.
In the GA procedure, each variable is expressed by 3 binary digits, where the relative permittivity values of the Luneburg lens are employed as reference boundaries to define a range of variation as illustrated by the red dashed lines in Fig. 4 . This may assure a gradually sequential decrease of relative permittivity to unity for the air shell. To relax the variation of relative permittivity, (1) is modified by
where α is the modification factor, which is slightly larger than 1. This formulation assures a monotonic decrease of relative permittivity from the central sphere to the most outer shell. In particular, the most outer shell remains unchanged by 1 as desired for an air shell while the central dielectric sphere is allowed to be larger than 2. In the optimization procedure, only the fields in the main beam region are sampled for simplification as it most concerns the radio coverage. Sidelobe suppression can be embedded in the optimization at the cost of a more sophisticated procedure, where more dielectric shells shall be employed to discretize a larger lens for more optimization freedoms. The target gain is 18 dBi with a beamwidth of 16 • , which are applied to the flat part in Fig. 3 .
III. APPLICATION TO 3-D LENS ANTENNA DESIGN OPTIMIZATION
This technique is first numerically applied to design a 3-D multi-shell dielectric lens antenna at 38GHz band to examine the GA synthesis characteristics. In this numerical synthesis, the feeds are rectangular waveguides with a cross-section of 5.68 × 5.68 mm 2 to excite TE 01 modes. The targeted gain is 18 dBi for the flatted pattern in Fig. 3 . As mentioned in section II, a spherical Luneburg lens is first designed by following the rule in (1) and the optimization algorithm in [10] , which is discretized into four dielectric shells including the air shell. In this study, only the H-plane patterns are synthesized to optimize the pattern overlapping for transition region reduction. The dielectric material power losses are not considered in this analysis. Four cases by combining various sets of geometrical parameters and relative permittivity are examined for the effectiveness of optimization, which are formed by using either (1) or (3) to set up the range of relative permittivity, and that optimizing either the permittivity alone or both the permittivity and thicknesses of dielectric shells, D m . As described in Section II, the target beamwidth of the desired flat patterns in Fig. 3 is 16 degrees. The roll-off rate on both sides of main beam curve depends on the size of the resulted lens. In this examination, four dielectric shells (instead of 10 shells) are considered for consistency to the later validation examples in Section IV at a low cost of implementation. Also, in the following GA synthesis, 8 populations and 4 generations are employed, where each population consists of 6 chromosomes by 3 parameters of thicknesses and 3 parameters of dielectric constants for the dielectric shells. Each chromosome is represented by 3 bits of binary expression. In the case of synthesis, the average CPU time is roughly 247 minutes on a i7-7820X processor.
First, the radiation patterns of this initial Luneburg lens antenna design on the E-and H-planes are shown by the black lines in Fig. 5 (a) and (b), respectively, which clearly show pencil beam patterns on both principal planes. In this case, the main beam has a gain of 25.8 dBi with a -3 dB beamwidth of 8.8 degrees. The sidelobes on the two principal planes are similar, and are -17.8 dB below the main beam peak.
Next, the optimized relative permittivity and thickness of dielectric shells are summarized in Table 1 for the four cases of parameter combinations after GA optimization. It is observed that cases 1 and 3 result in converged relative permittivity of nearly 2 for the central dielectric spheres. On the other hand, cases 2 and 4 result in optimized relative permittivity of 2.47 and 2.49, respectively, which are larger than 2 as setup to alter the original Luneburg lens design in (3) . On the other hand, the third shells of cases 1 are close to free space, where the relative permittivity values are roughly 1.05. The relative permittivity of the second shell has a larger difference. The values of relative permittivity are nearly 2 and 2.5 at the central shells when (1) and (3) are found in the optimization, respectively.
The radiation patterns after the GA optimization are shown in Fig. 5(a) and (b) on the E-and H-planes, respectively by different color lines. It is observed that the average gain drops are roughly 6 dB by the four cases of optimization. In particular, among these four cases, the second and fourth cases of using (3) for the relative permittivity (which allows the largest relative permittivity to be larger than 2 on the central shell) exhibit better flat patterns, as indicated by the blue and pink curves, on the top of the main beams. The first and third approaches of using (1) may broaden the beamwidths on both sides of main beams. However, the top of main beams is not so flat. In all cases, the SLLs slightly increase by less than 1 dB. The pattern behaviors on both the E-and H-planes are similar.
IV. NUMERICAL AND EXPERIMENTAL VALIDATION A. ANTENNA PROTOTYPE AND RADIATION CHARACTERISTICS
An antenna prototype has been implemented for numerical simulation and experimental validation at 38GHz band based on available dielectric materials in the commercial market. The feeds are circular waveguides of 2.65 mm 2 in radius, where the numerical architecture and prototype are shown in Fig. 6 . Circular waveguide is employed for the convenience of future characteristic examination of dual-polarization excitation. The feed separation is roughly 10 mm. The size is larger than the cases in Section III in order to provide sufficient space to accommodate the multi-feeds and to provide a proper beam overlapping and gain satisfaction. The design procedure first uses the GA procedure to determine the structure of lens and the required dielectric materials of each shell. After the production of dielectric materials by a manufacturer, their actual dielectric constants are measured as shown in Table 2 , where the loss tangents are all 0.005. GA procedure is performed again to change the thicknesses of dielectric shells, and finalize the lens design. The prototype is hand-assembled after all components are fabricated by the resulted dielectric shell's thicknesses and relative permittivity in Table 2 . Due to the limitation of available dielectric materials in the local market and the hand-assembly, fabrication and measurement discrepancy, and performance limitation are expected. In this case, the diameter of the lens (without the air shell) is roughly 10.2cm, relatively compact for practical applications. The simulated and measured radiation patterns by the central beam are shown in Fig. 7 (a) and (b), respectively with good agreement on the Co-pol components, where the gains are found by 18.11 and 17.86 dBi, respectively. The -3 dB beamwidth is roughly 11 o , which are smaller than the desired 16 o due to the use of a larger lens. However, the -2 dB beamwidths for crossover of multi-beams are roughly 11.4 • and 10 • in the simulation and measurement patterns on the E-plane, while they are 10.8 • and 10.5 • on the H-plane, respectively. Good overlapping has been achieved. It is noted that the high cross-polarization levels (XPLs) and wide angle SLLs in the measurement results are due to the system limitation in signal-to-noise (S/N) ratio and noise floor. The high SLLs of first few sidelobes are attributed by the restriction of limited available dielectric materials as shown by the simulation. It can be reduced by including the SLLs in optimization cost function in (2) at the cost of increasing numerical simulation efforts by using finer discretization of dielectric shells to provide more design freedoms. Also, in this case, the difficult die-casting mold fabrication and hand-assembly of lens at mmW frequencies causes discrepancy and increases the SLLs in the measurement.
The reflection coefficients of simulation and measurement are shown in Fig. 8 (a) and (b), respectively, with very broad frequency bandwidths achieved in both results except a slight resonant frequency shift. The results of measurement exhibit better performance than the simulation ones at low frequencies. Both results show a bandwidth of more than 4 GHz as resulted from the nature of waveguide feeds. All five feeds have similar behaviors except the measurement results have some fluctuations due to fabrication discrepancy and handassembly instability. The bandwidth is not affected in this case. Besides, the mechanical structures to fix the feeding structures were not included in simulations.
B. RADIATION CHARACTERISTICS OF MULTI-BEAMS
The multi-beam distributions found by both simulation and measurement along the H-plane are shown in Fig. 9(a) and (b) , respectively, where main beam distributions agree very well except slight beam squints in measurement results. They are attributed to the alignment discrepancy for the wide-angle beams in the 2-D antenna radiation measurement system. It is observed from the simulation results that the SLLs are larger on the central beams. Some improvement appears for outer beams. The SLLs of measurement results are larger than those of simulation results, which may be caused by the hand-assembly effect since each dielectric shell was fabricated separately by diecasting and then integrated. The air gap between adjacent dielectric shells cannot be ignored at mmW frequencies. The crossover points are at 17 and 16.5 dBi in the simulation and measurement results, respectively, roughly 1 dB below the flat peak instead of 6 dB in the cases of Fig. 2 . The roll-off rate at beam boundary is also better than that in Fig. 2 , showing a smaller transition area between two adjacent sectors.
In order to further explore the potentials of this multishell dielectric lens, we lift the limitation of dielectric materials from the available ones in commercial market as previously used in the case of Fig. 9 , and allow a free selection of dielectric material. We re-synthesize the dielectric shells on the same size, where the optimized results are shown in Table 3 . The simulated multi-beam distributions of the lens of the same size in Fig. 6 without (i.e., a Luneburg lens) and with GA optimization are shown in Fig. 10 (a) and (b), respectively, where the gains are increased to 29 and 22 dBi, respectively. The crossover points are at 16.5 and 20 dBi, respectively. In this case, the relative SLLs of the optimized case are also reduced in comparison to the previous case in Fig. 9 . This observation shows the importance of selecting proper dielectric material to form the lens antenna. It is seen that the Luneburg lens antenna has a gain difference as large as 12.5 dB inside the main beam while the optimized one reduces the difference to 2 dB, which potentially reduces inter-sector over-frequent handovers and inter-cell EM interferences when the UE is at near the edge boundary of sectors and cells.
To further elaborate this characteristic, Fig. 11 (a) and (b) show the contour patterns corresponding to the cases of Fig. 10(a) and (b) , respectively. It clearly shows that the radiation of the optimized lens design in Fig. 11 (b) provides a larger coverage area with smaller transition region of inter-sector handover. The coverage area inside the main beam region is much more uniform to retain signal strength FIGURE 10. Multi-beam distributions of lens antennas when the permittivity of each dielectric shell can be freely selected to form the lens, whose results is to compare with the characteristics in Fig. 9. (a) The structure of Luneburg lens design by (1), (b) Synthesized structure with main beam optimization. stability and high system efficiency. Finally, the frequency stability of radiation gains and reflection coefficients is examined and shown in Fig. 12 for this lens design optimization. The reflection coefficients remain relatively stable for frequency variation. The gain variation experiences roughly 1 dB fluctuation with frequency changes.
V. CONCLUSION
The multi-shell dielectric spherical lens alters from Luneburg lens to synthesize the main beam patterns for minimum gain variation and transition region of overlapping. The effectiveness has been validated by simulations and measurements on an antenna prototype. Due to the limited availability of dielectric materials on the commercial market and hand-assembly, the performance of the prototype exhibits some discrepancy in the measurement results. It has been shown by simulations that the lift of this limitation can significantly enhance the radiation performance, validating the effectiveness of antenna design. The designed antenna is well applicable to the BTS applications of 5G at mmW frequencies. The advantages of flat main beam may reduce insufficient gain in the transition region of adjacent beams for power control and signal strength stability.
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